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INTRODUCTION 
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Temperature measurement is critical to the understanding and 
control of the solidification process in continuous steel casting. 
Many of the casting variables (for example, state, hot strength and 
ductility, microstructure) are strongly temperature dependant. A 
knowledge of temperature will also be required for energy 
management, particularly if further hot processing of the cast 
steel is to be performed. Although inferences can be drawn from 
mathematical modeling studies, direct measurement is required to 
validate these models, or to improve their accuracy, particularly 
if the models are used for process control. This paper describes 
work carried out at BHP MRL in the development and testing of an 
eddy current probe for the measurement of sub-surface temperature 
in continuously cast steel strand. 
TEMPERATURE AND THE CASTING MACHINE 
The side view of the conventional continuous steel casting 
machine for which the prototype eddy current probe was developed is 
shown in Fig. 1. Liquid steel is poured into a mould, heat is 
removed, and the steel solidifies to form a solid skin which is 
then extracted downward to form a strand. The core of this strand 
will remain liquid up to about 15 m from the mould. Below the mould 
the strand is cooled using water sprays in a region called the 
secondary cooling zone or spray chamber, and very large sub-surface 
temperature gradients are generated in this region. Mathematical 
modeling of the solidification process under typical slab casting 
conditions predicts that temperature gradients just below the 
surface can easily exceed 100·C per cm. In addition, strand surface 
temperature traces generated using thermocouples rolled into the 
surface show large and rapid surface temperature fluctuations as 
the thermocouple travels down the machine. The temperature 
fluctuations would be much smaller if the thermocouple could be 
located about 20 mm below the surface. Based on these observations, 
it would appear that temperature measurement below the strand 
surface would provide a more useful indication of strand 
temperature than surface temperature readings. 
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Fig. 1. Side view of continuous casting machine. 
The only practical method that currently exists for on-line 
non-contact temperature measurement of a cast steel strand is to 
use commercially available optical pyrometers. These devices 
measure the intensity of electromagnetic energy radiating from the 
steel surface, and relate this to surface temperature using 
emissivity curves. It is clear that the accuracy of an optical 
pyrometer will be affected by surface conditions such as the 
presence of scale, dirt or water. 
An eddy-current probe which measures strand temperature to 
some depth below the surface by relating electrical resistivity to 
temperature should not be affected by steam, water or scale and 
would provide a more useful indication of strand temperature than 
surface temperature. The first step in the development of such an 
instrument is to determine the space available in the casting 
machine for the eddy-current probe, and this will have a 
significant bearing on the probe design and performance. The amount 
of space varies considerably from machine to machine. In the 
secondary cooling zone of the machine for which the prototype probe 
was designed, the gap between guide roll segments varies from 30 mm 
to 80 mm and so the prototype probe was designed with an outside 
diameter of 50 mm. 
EDDY-CURRENT TECHNIQUE FOR TEMPERATURE MEASUREMENT 
The eddy-current technique relies on the variation of 
electrical resistivity of steel as a function of temperature. This 
variation is shown for a typical carbon steel in Fig. 2(a). The 
eddy current technique for resistivity measurement of carbon steel 
is only viable above the Curie temperature, below which the steel 
is ferromagnetic. Since the Curie temperature for carbon steels is 
around 780°C, which is well below the normal surface temperature of 
a continuously cast strand, eddy current methods can be employed. 
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Fig. 2 (b) s h ow s the vari ati on i n elec trical resi s tivity as a 
function of tempera ture for a low c arbon and a high carbon steel . 
There is a significant difference between the two steels, and as a 
re s ult an eddy-current instrument will have t o be c alibrated for 
e ach g rade of steel on which it is t o be us e d . Depending on the 
accuracy required, it should be possible t o calibrate the probe on 
the casting machine using contact thermocouples or pyrometers. 
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Fig . 2 . Electric al resistivity of steel versus temperature. 
PROTOTYPE PROBE 
A section view through the axis of the prototype probe which 
has been manufactured and tested is shown in Fig . 3. The probe has a 
circular section normal to this axis with an outside diameter of 
50 mm. 
The eddy current probe has two coaxial cylindrical coils with 
their common a xis perpendicular to the steel surface. The drive coil 
is driven with a sinusoidal current thus producing a magnetic field 
around the coil. The sense coil is split into halves which are 
connected in series to oppose each other, so that in air with no 
steel below the probe, there is no voltage output. When the probe is 
over steel, eddy currents will be induced which will in turn produce 
magnetic fields, and since one half of the sense coil is closer to 
these fields than the other half, a differential voltage is produced 
in the sens e coil . 
Potential overheating problems resulting from the probe 
operating near hot steel are overcome by forcing cooling water down 
the center of the coil, as shown in Fig. 3 . Forced cooling would 
still be required, even if the probe were manufactured from high 
temperature materials, in order to provide sufficient dimensional 
stability to allow accurate resistivity measurement. 
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Fig. 3. Prototype probe section view. 
PREDICTED COIL RESPONSE 
The coil response is the amplitude and phase of the voltage 
induced in the sense coil by the eddy currents with respect to the 
current in the drive coil. This response will be a function of the 
driving frequency, the lift-off, coil geometry and the temperature 
distribution in the steel below the probe. Provided the magnetic 
field spread from the coil is sufficiently small, the temperature 
distribution in the steel below the probe can be considered to be 
one-dimensional, being only a function of depth below the steel 
surface. As a result, the temperature distribution in the steel can 
be approximated as a set of equi-thermal layers normal to the coil 
axis. 
computer programs based on mathematical models are available 
[1] which compute the response for this coil and conductor 
configuration. The results for the prototype probe are shown in 
Fig. 4(a). The predicted coil response is shown as phase versus 
amplitude as a function of lift-off and temperature at a single 
frequency (500 Hz). Each curve corresponds to a fixed homogeneous 
temperature in a semi-infinite mass of steel below the probe and is 
generated as the lift-off changes. Since these curves are almost 
parallel over a reasonable lift-off range, it is possible to plot 
the phase change versus temperature at fixed amplitude, and this is 
shown in Fig. 4(b). This curve shows the basic phase response of 
the coil to temperature changes in the steel below it and indicates 
the relationship between phase angle measurement error and steel 
temperature error. Typically, a phase angle error of 0.1 deg 
corresponds to a steel temperature error of IS"C. 
CIRCUIT CALIBRATION 
Since the phase angle of the coil response must be measured 
with such high precision, circuit calibration will be required. The 
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(a) Predicted probe response as a 
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Fig_ 4. Predicted coil response. 
calibration technique must overcome problems caused by sense coil 
resistance variations, filter capacitor variations and any other 
changes in the electronics_ 
The calibration technique used in the prototype probe is shown 
in Fig_ 5_ When the probe is being used to measure temperature, the 
drive coil is supplied from a current source and a voltage appears 
across the sense coil. During calibration, the drive coil is 
switched out and current is driven through the primary of a 
transformer which induces a known voltage in the sense coil circuit. 
Using this technique, it is possible to calibrate the electronics 
for voltages appearing in the sense coil with respect to current in 
the drive current sense resistor. 
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Fig. 5. Circuit calibration technique. 
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Fig. 6. Coil response phasor diagram. 
ACTUAL COIL RESPONSE IN A CASTING MACHINE 
The coil response voltages appearing in the sense coil when 
the probe is placed over hot steel are shown in a phasor diagram in 
Fig. 6(b). When there are no guide rolls close to the probe, the 
measured response is the sum of two components. The first component 
is called the residual, and this is the voltage appearing in the 
sense coil when there is no steel below the probe. It is due to 
direct coupling of the drive and sense coils resulting from a small 
asymmetry in the geometry, and eddy current coupling via probe 
components above the coil. Ideally this component should be zero, 
but in practice this is very difficult to achieve in a compact 
coil. The second component in the measured response is due to eddy 
currents induced in the steel and is the component required. This 
is obtained by subtracting the residual from the measured total 
response. 
In practice it is very difficult to manufacture a highly 
compact coil with a residual which does not vary with coil 
temperature. If the coil temperature changes between measurements 
and no compensation is made, the eddy current component will be 
incorrect. Compensation can be effected either by retracting the 
probe and measuring the residual or by measuring the coil cooling 
water temperature and computing the new residual. This requires 
that the coil residual is a highly repeatable function of the coil 
temperature. 
When there are guide rolls close to the probe, there will be a 
third component in the total response due to eddy currents induced 
in the guide rolls. This component may vary as the guide roll 
temperature changes or as the probe moves in and out. This problem 
can only be overcome by reducing this component as much as possible 
by magnetically shielding the eddy current coil. A mumetal shield 
placed around the coil can help to keep the magnetic field away 
from the guide rolls without having an adverse effect on the coil 
penetration below the strand surface. However, the shield must be 
in the water cooled region of the probe and it will take additional 
space, making the probe more difficult to design and manufacture. 
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RESULTS OF LABORATORY TESTS 
Initially the probe was tested by placing it over a piece of 
steel previously heated in a furnace and allowed to cool slowly, 
resulting in a single cooling curve. More useful tests involve 
placing the probe over a disk of steel heated from below with a gas 
flame. One or more thermocouples are embedded in the disk and the 
temperature is cycled by raising and lowering the gas flame . 
The results of one such test are shown in Fig. 7. This graph 
shows the temperature indicated by the eddy-current probe and a 
single thermocouple versus time. The eddy current probe temperature 
reading is computed from the lift-off compensated phase change curve 
of Fig. 4(b). An offset is added to this temperature so that it is 
equal to the thermocouple temperature at one point in time. Once the 
entire disk has heated, the correlation between the eddy current 
probe and thermocouple is very good, even though the thermocouple 
reads a spot temperature and the probe responds to temperature right 
through the disk. Towards the end of the test, the disk had a 2 mm 
layer of surface scale which had no adverse affect on the probe. 
RESULTS OF SITE TESTS 
The laboratory tests confirmed the ability of the probe to 
track temperature changes in a given mass of carbon steel. In a 
continuous steel casting machine, the steel beneath the probe will 
always be changing. As a result, there may be several factors which 
affect the accuracy with which the steel temperature can be related 
to its electrical resistivity. These include surface scale, surface 
roughness, metallurgical composition variations within one nominal 
steel grade, metallurgical structure variations or internal and 
surface defects. These factors can only be assessed by site testing. 
The testing strategy adopted was to allow the caster to reach a 
steady state at a steady casting speed. At this stage it is expected 
that the sub-surface temperature profile will also be steady and any 
variation in probe response will be due to one of the factors 
outlined. This approach is nece ssary because there is no other 
device for measuring sub-surface temperature. The results of 3 
hours of such testing are shown in Fig. 8. 
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Fig. 8. Strand temperature log. 
In all, about 16 hours of temperature data has been logged over low 
carbon strip grade steel at around 9S0·C. The observation was made 
that when the probe passed over a large patch of loose surface 
scale, a small temperature rise was indicated which could have been 
due to the direct effect of the scale on the probe or the 
blanketing effect of the scale raising the steel temperature. This 
blanketing effect has been observed previously in laboratory tests. 
Within the limitations in the experimental arrangement, no factors 
were observed which affect the temperature/resistivity 
relationship. 
TEMPERATURE PROFILE TECHNIQUE 
The depth of penetration of the eddy currents into the strand 
is a function of the frequency of the driving current. By operating 
the probe at mUltiple frequencies it is therefore possible to 
determine a vertical temperature profile below the steel surface. 
As an example, by operating the prototype probe at 500 Hz and 
2 kHz, it is possible to compute the average temperatures in the 
first and second 12 rnrn layers below the surface. 
CONCLUSIONS 
An eddy current probe capable of measuring sub-surface 
temperature in a cast steel strand has been developed and tested on 
a steel casting machine. The accuracy of this instrument will 
depend on temperature and steel grade, but is expected to exceed 
that obtained with an optical pyrometer in harsh conditions while 
providing a more useful indication of strand temperature. 
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